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INTRODUCTION
Iron is an essential nutrient but its accumulation can be highly cytotoxic owing to its chemical reactivity, which depends on its redox state (II or III). Prokaryotes and eukaryotes cells have therefore evolved various regulatory mechanisms to control iron homeostasis and so maintain a balance between nutritional deprivation and excess of iron (12, 13) . The yeast Saccharomyces cerevisiae has two paralogous iron-responsive transcription activators, Aft1 and Aft2, that play key roles in the response to a lack of iron in the environment by increasing the expression of genes involved in iron transport, its sub-cellular distribution and use (28) . The N-terminal regions of Aft1 and Aft2, which contain the DNA binding domain (29, 38) , are well conserved (3) . These N-terminal regions interact with the same DNA promoter in vitro (29, 38) . The replacement of a conserved cysteine residue in the N-terminal region by phenylalanine makes the gain of function mutant alleles AFT1-1 up (37) and AFT2-1 up (29) iron-independent.
Aft1 is located in the cytosol of cells grown under iron-replete conditions but in cells grown
under iron-depleted conditions, it is in the nucleus, where it binds to DNA and activates transcription (39) . Cells lacking AFT1 grow poorly under iron-depleted conditions (3, 29, 37) .
Consistent with this phenotype, Aft1 activates the transcription of genes involved in iron uptake at the plasma membrane. These include genes that encode the high affinity ferrous transport complex composed of the multicopper oxidase (FET3) and iron permease (FTR1) (1, 34) , the copper transporter responsible for delivering copper to Fet3 (CCC2) (40) , plasma membrane metalloreductases (FRE1-4) (5, 10, 41), iron-siderophores transporters (ARN1-4) (17, 18, 42, 43 ) and cell wall mannoproteins, which facilitate the uptake of siderophore-bound iron (FIT1-3) (25) . Aft1 is also involved in the activation of other genes, such as FTH1, that encodes a vacuolar iron transporter (35) , and genes with function not yet elucidated in iron metabolism, such as HMX1, the homolog of the gene encoding heme oxygenases (26, 33) , two members of the FRE family (FRE5-6) (21) and CTH2, a gene recently shown to be involved in mRNA degradation under iron deficiency (27) . Others genes were recently shown by DNA microarray analyses to be regulated by the constitutive AFT1-1 up mutant allele, but the role of Aft1 in their regulation remains to be elucidated (30, 33) .
The role of Aft2 is still unclear, unlike that of Aft1. No phenotype is associated with the lack of AFT2 alone. Consistent with this lack of phenotype, the genes involved in the iron uptake systems are expressed similarly in the wild type and in the aft2∆ mutant ((3) and unpublished results). However, plasmids expressing AFT2 in the aft1aft2 mutant activate the transcription of Aft1-target genes in an iron-regulated manner (3, 29) . The deletion of AFT2 exacerbates the phenotype of the aft1 mutant, rendering the aft1aft2 double mutant unable to grow under irondepleted conditions and it abolishes the residual transcription of genes such as FET3 and CTH2
that still occurs in the single aft1 mutant (3, 27) . The aft1aft2 mutant also has many oxidative stress-related phenotypes that are not present in the aft1 mutant (3). These results suggested that the roles of Aft2 and Aft1 overlap to some extent.
DNA microarray data have defined a set of genes that is activated by the constitutive AFT2-1 up (29, 30) . A few of these genes encode proteins that are involved in iron homeostasis, such as the vacuolar iron transporter SMF3 (23, 24) , the mitochondrial iron transporter MRS4 (7), and a protein involved in the mitochondrial iron-sulfur cluster assembly, ISU1 (9, 32) . This work was designed to define the involvement of Aft1 and Aft2 in the transcriptional regulation of iron homeostasis, in regard to the presence/absence of the paralog. DNA microarray clustering allowed us to identify several classes of genes that are regulated by Aft1 and/or Aft2, and computer analyses highlighted different consensus sequences for each class. A combination of Northern blotting and chromatin immunoprecipitation experiments with the iron-regulated genes FET3, FTR1, SMF3 and MRS4 demonstrated that the direct transcription activation mediated by either Aft1 or Aft2 is gene-specific and iron-dependent. Aft2 directly activates the transcription of the iron intracellular use genes SMF3 and MRS4, while Aft1 does not. We
show that Aft2 functions in the absence of Aft1. We have also obtained evidence that the
MATERIALS AND METHODS

Yeast strains, plasmids and growth conditions
All strains used are listed in Table I . Transcriptome analysis experiments were performed with strains CM3260, Y18 and Y18aft2∆. The strains used for other experiments were derivatives from strains obtained from Research Genetics (Huntsville, AL). The haploid strain SCMC01
(aft1∆aft2∆) was constructed as follows: Y01090 and Y14438 were mated, the diploid strain was selected on medium lacking lysine and methionine and was made to sporulate. Tetrads were dissected out, and spores showing resistance to geneticine and hypersensitivity to copper were characterized: AFT1 and AFT2 deletions were verified by PCR, and the known phenotypes of the Y18aft2∆ double mutant strain (3) were confirmed. Strains SCMC05 (AFT2, AFT1-HA), SCMC11, SCMC18 (AFT1, AFT2-HA), SCMC10 (aft2∆, AFT1-HA) and SCMC13
(aft1∆, AFT2-HA) carry three tandem copies of the influenza virus hemagglutinin epitope (HA)
at the very carboxy-terminus of AFT1 or AFT2. The HA epitope tags for AFT1 and AFT2 were amplified from the template pFA6a-3HA-HIS3MX6 as described previously (20) , using the following primer sets: AFT1-3HA: 3HA PCR products were transformed into BY4742 and those of AFT2-3HA into BY4741 to generate strains SCMC05 and SCMC11. Strains SCMC18, SCMC10 and SCMC13 were isolated after mating strains SCMC11 and BY4742, SCMC05 and Y01090, and SCMC11 and Y14438, respectively. Epitope tagged strains were verified by PCR, sequencing and protein synthesis. The plasmids pEG202-AFT1 and pEG202-AFT2 have been described previously (3).
Plasmid pFC-W was kindly provided by Dr Yamaguchi-Iwai; it contains the -263/-234 upstream activation sequence of the FET3 gene that has been inserted into the CYC1 promoter and fused to the LacZ gene (38) . Plasmids pFC-M1, pFC-M2 and pFC-M3 containing sitedirected nucleotides substitutions introduced in the FET3 core sequence (-252/-243) to resemble to the SMF3 sequence (-362/-353) were constructed as follows : the entire Sal1-BamH1 fragment from the pFC-W was first subcloned into the pUC-18 vector (Stratagene) and the resulting plasmid was used as PCR template for the QuikChange Mutagenesis Kit (Stratagene) according to the manufacturer instructions. The primers used were 5'-GGCTCGACCTTCAAAACCGCACCCATTTGCAGGTGC-3' and its complement for M1
substitutions, 5'-CCTTCAAAAGTGCACCCTGTTGCAGGTGCTCGTCG-3' and its complement for M2 substitutions and 5'-GGCTCGACCTTCAAAACCGCACCCTGTTGC-AGGTGCTCGTCG-3' and its complement for M3 substitutions. Then, the entire Sal1-BamH1 fragment from the pUC-18 vector was re-inserted into the Sal1-BamH1 sites of the pFC-W vector to obtain the pFC-M1, pFC-M2 and pFC-M3 plasmids. All PCR generated sequences were confirmed by DNA sequencing.
All yeast transformations were performed by the lithium acetate method.
The iron-depleted or iron-replete conditions were created by first growing cells at 30°C in a defined medium consisting of an iron-limiting and copper-limiting yeast nitrogen base (Bio101#4027-122) plus 1 µM ferric ammonium sulfate. These cells (OD 600 = 0.3) were placed in the defined medium with or without 100 µM ferric ammonium sulfate and the cultures were grown for 5 hours to an OD 600 = 1.0. They were then used for DNA microarray assays, Northern blotting, chromatin immunoprecipitation experiments (ChIP) or β-galactosidase assays.
RNA isolation, Northern analysis and β-Galactosidase Assay
Total RNA extraction, Northern blotting (15 µg total RNA) and hybridization were performed in duplicate, as described previously (14, 31) . The 32 P-labelled DNA fragments used as probes Cells were grown exponentially in 100 ml iron-depleted or iron-replete medium to OD 600 = 1.
The chromatin was then prepared (15) , and the resulting supernatant volume adjusted to 4 ml before storage at -80°C. Immunoprecipitations were performed in duplicate. 500 µl of the crosslinked chromatin solution was added to 8 µg of anti-HA monoclonal antibodies (Santa Cruz Biotechnology) pre-bound to 10 mg protein A-Sepharose CL-4B (Sigma) and incubated for 1.5 h at room temperature. Protein A-Sepharose CL-4B without antibody was used for background control. Beads were washed twice with 1.6 ml FA-lysis buffer with 500 mM NaCl, once with 1.6 ml 10 mM Tris-HCl pH 8, 0.25 mM LiCl, 1 mM EDTA, 0.5% N-P40, 0.5% sodium deoxycholate, and once with 1.6 ml TE, for 15 min each. Chromatin complexes were released from the beads by incubation in 500 µl 25 mM Tris-HCl pH 7.5, 10 mM EDTA, 0.5% SDS for 15 min at 65°C. Crosslinks from eluates and crude chromatin solution Valencia, CA).
(50 µl) were reversed by incubating with 600 µg proteinase K (Sigma) for 1 h at 37°C and overnight at 65°C. The resulting DNA was purified on PCR purification kit columns (Qiagen).
Real-time quantitative PCR analysis
The Qiagen Quantitect SYBR Green PCR Kit was used for quantitative real-time PCR in a LightCycler (Roche Diagnostics). Primer pairs (Table II) Data were analyzed using the Roche LightCycler 3.5 software and the fit point method. The crossing point (CP) was defined as the point at which the fluorescence was 10 times the background fluorescence. The efficiency (E) of each primer pair was calculated from the slope of the linear standard curve (E = 10 -1/slope ) generated with a 5-fold dilution of a DNA input mix.
The protein occupancy of each DNA fragment was then calculated as previously described (4):
). The data were averaged over two independent experiments with real-time PCR performed at least in duplicate (standard deviation is shown by error bars). The fold enrichment of a selected DNA fragment was obtained by dividing the protein occupancy at this DNA fragment by the average protein occupancy at the negative controls (coding sequences of POL1 and RPO21).
Protein extraction and Western blotting
Total protein extracts from 3 ml of cells grown exponentially in iron-depleted or iron-replete media were prepared by the NaOH-TCA lysis technique (36) . Aliquots (5 µl) were separated on 8% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked with 3% BSA (Sigma), 0.1% Tween-20 (Sigma) in TBS and probed at room temperature in the same blocking buffer. Anti-HA monoclonal antibodies (Santa Cruz Biotechnology) were diluted at 1:1000 and anti-Pgk1 monoclonal antibodies (Roche Diagnostics) were diluted at 1:5000. Horseradish peroxidase-conjugated anti-mouse immunoglobulin G (diluted 1:1000) was used as the secondary antibody (Sigma) and was detected by enhanced chemiluminescence (ECL kit, Amersham).
RESULTS
Inhibition of the Aft2 regulon by Aft1
We investigated the effects of Aft1 and Aft2 on gene expression under iron-depleted conditions. Previous studies show that the transcription mediated by wild type Aft2 can be detected in the absence of Aft1 (3, 29) . We therefore examined the effect of Aft2 on gene expression in an aft1 mutant genetic context. DNA microarray hybridizations were performed with labeled transcripts extracted from wild type strain, single aft1 and double aft1aft2 mutant cells grown in iron-depleted conditions. Comparisons of the gene expression in these genetic contexts allowed us to identify 332 genes whose expression decreased more than 2-fold in at least one of the 3 comparisons wt/aft1, wt/aft1aft2 or aft1/aft1aft2 (Experimental data sets are available at GEO, http://www.ncbi.nlm.nih.gov/geo/, accession number GSE1763). In order to take advantage of both our "loss of function" approach and previous "gain of function"
analyses, we combined the experimental data and focused on those 50 genes that were postulated as potential targets of AFT1-1 up and/or AFT2-1 up (29, 30, 33) . Genes with similar transcription profiles were grouped by cluster analysis into 5 classes (A to E, Fig. 1 ).
Class A contained those genes whose mRNAs were at least 2-fold more abundant in wild type than in either the aft1 or the aft1aft2 mutants. Most of these genes had been shown to be Aft1-target genes, encoding proteins involved in the plasma membrane iron transport (e.g.: FET3, FRE1, FIT2-3, and ARN1-4). Class B contained genes whose mRNAs amounts in the single aft1 mutant were similar to those of the wild type strain, but whose mRNAs amounts were lower in the aft1aft2 double mutant. This transcription profile suggests that the roles of Aft1 and Aft2 overlap in the control of these genes. Class B, like class A, contained genes involved in iron metabolism, except for ZRT1 that encodes the high affinity zinc transporter (44).
Surprisingly, the mRNAs of class C and D genes were more abundant in the aft1 mutant than in the wild type, indicating that Aft1 has a negative influence on the transcription of these genes.
The class C and D genes showed more mRNAs in the aft1 mutant than in the double mutant Aft2 on their transcription were not investigated further.
The MEME program (2) was used to identify potential regulatory elements in the promoters of the genes regulated by Aft1 and Aft2. The promoter region between the predicted ATG start codon and 700 bp upstream was chosen to identify the most probable motif within each class
A-E of input promoters ( Fig. 1-2 ). MEME successfully identified the canonical iron-responsive element (38) TGCACCC in the promoters of the A and B class genes ( were bound to the FET3 promoter in the absence of Aft1, although this appeared to be insufficient to sustain observable FET3 mRNAs production (Fig. 3A-B) . We further investigated the effect of iron on FET3 transcription and on the binding of Aft1/Aft2 to the FET3 promoter. Transcription of FET3 was repressed by adding iron (Fig. 3C) , as previously reported (37) . However, residual FET3 mRNAs were still detected in wild type and aft2∆
strains. ChIP assays indicated that iron decreased Aft1 binding to the FET3 promoter 5-fold, but it was still 4 to 5-fold higher than the binding to non-relevant DNA controls (Fig. 3D) . The weak binding of Aft2 to the FET3 promoter in the absence of Aft1 was repressed by iron. Thus, Aft2 does not activate the transcription of FET3, although it can poorly bind to the FET3 promoter in the absence of Aft1, and FET3 is specifically activated by Aft1 under irondepletion.
Direct activation of FTR1 transcription by Aft2 in the absence of Aft1
FTR1 is an Aft1-target gene (38) , and its transcription is reportedly activated by the AFT2-1 up mutant allele (29) , albeit to a lower degree than by AFT1-1 up (30). Our DNA microarray results suggested that Aft1 and Aft2 were redundant in the activation of FTR1 transcription (Fig. 1 ).
Northern blot analyses confirmed the DNA microarray data: the amounts of FTR1 mRNAs in wild type, aft1∆ and aft2∆ strains were similar, while no transcript was detected in the aft1∆aft2∆ double mutant (Fig. 4A) . Overexpression of AFT2 induced the expression of FTR1 but to a lesser extent than overexpression of AFT1, in agreement with previous DNA microarray data obtained with the constitutive AFT1-1 up / AFT2-1 up alleles (29, 30, 33) . ChIP experiments showed that Aft1 was bound to the FTR1 promoter in wild type and aft2∆ strains in iron-depleted conditions (Fig. 4B) . The Aft1 occupancy of the FTR1 promoter was increased 2-fold in the absence of Aft2. Aft2 was also bound to the FTR1 promoter, but only in the absence of Aft1. Aft1 and Aft2 occupied the FTR1 promoter similarly in the absence of their paralog, consistent with the similar amounts of FTR1 mRNAs found in the aft1∆ and aft2∆ mutants ( Fig. 3A and Fig. 3B ). These analyses indicate that Aft2 can compensate for the absence of Aft1 in the direct control of FTR1 transcription. We also investigated the effect of iron on the Aft1-and Aft2-dependent regulation of FTR1. The transcription of FTR1 decreased in iron-replete conditions, as previously reported (38) . However, there was still residual transcription of FTR1 in the wild type and aft2∆ strains, but not in the aft1∆ mutant (Fig. 4C ).
The degree of FTR1 promoter occupancy by Aft1 was 2 to 4-fold lower than under iron-depleted conditions, but it was still 2-fold higher than for DNA controls, whereas occupancy of the FTR1 promoter by Aft2 in the aft1∆ mutant was 7-fold lower, reaching that of the DNA controls (Fig. 4D) . Therefore, the binding of Aft2 to the FTR1 promoter is more sensitive to iron than is the binding of Aft1.
Opposing roles for Aft1 and Aft2 in the control of SMF3 and MRS4
The transcription of SMF3 is activated by iron starvation in an Aft1/Aft2 dependent manner (23) . Previous DNA microarray analyses indicated that this transcription is activated by AFT2-1 up and, to a lesser extent, by AFT1-1 up (29, 30, 33) . However, SMF3 may be controlled by other transcription factors, unlike FET3 and FTR1, because its transcription is not abolished in the aft1∆aft2∆ mutant (23) . Our DNA microarray analysis indicated that the amount of SMF3 mRNAs in aft1∆ was greater than in wild type, although it was lower than in wild type in aft1∆aft2∆ (Fig. 1) . Northern blot analyses and ChIP experiments were performed to elucidate the antagonistic effect of the AFT1 deletion in wild type versus aft2∆ genetic contexts. The amount of SMF3 mRNAs in the aft1∆ mutant was higher than in the wild type, consistent with the DNA microarray data, while it was slightly lower than in the wild type in the aft2∆ mutant (Fig. 5A ). The effect of the AFT2 deletion was epistatic on that of the AFT1 deletion since the amount of SMF3 mRNAs in the double aft1∆aft2∆ mutant was lower than in the wild type strain. The signal still detected in aft1∆aft2∆ confirmed that other factors are involved in the activation of SMF3 transcription. Finally, overexpression of either AFT1 or AFT2 in the aft1∆aft2∆ mutant clearly induced SMF3 expression. The occupancy of the SMF3 promoter by Aft1 was only 1.8-fold greater than in the DNA controls in aft2∆ and 2.7-fold greater than in the DNA controls in the wild type strain (Fig. 5B) . In contrast, a great deal of Aft2 (12 times more than in the DNA controls) was bound to the SMF3 promoter in the absence of Aft1. No
Aft2 was bound to the SMF3 promoter in wild type cells, as for FET3 and FTR1. This suggests that the increased SMF3 mRNAs in aft1∆ was due to the direct binding of Aft2 and its activation of transcription. We checked this by investigating the Aft1-dependent and Aft2-dependent transcription of SMF3 in the presence of iron. The experiments performed in ironreplete conditions showed correlated decreases in both the amounts of SMF3 mRNAs (3-fold) and the occupancy of the SMF3 promoter by Aft2 in the aft1∆ mutant (5-fold) ( Fig. 5C and   5D ). It also showed that the low occupancy of the SMF3 promoter by Aft1 was affected by iron. We conclude that Aft2 directly activates the transcription of SMF3 when Aft1 is absent.
DNA microarray analyses have shown that the transcription of MRS4 is activated by AFT2-1 up (29) and AFT1-1 up , but to a lower degree (30) . However, in contrast to the positive action of Aft1 in the control of MRS4, others have reported that MRS4 transcription is greater in the aft1∆ mutant than in the wild type strain (7). Our DNA microarray data ( Fig. 1) and Northern blot analyses (Fig. 6A) confirmed the latter result. Moreover, the introduction of a plasmid carrying AFT1 into the aft1∆ mutant led to a decrease in the MRS4 mRNAs (Fig 6A) . The amount of MRS4 mRNAs was not affected by sole deletion of AFT2, but the increased amount of MRS4 mRNAs in the aft1∆ mutant was suppressed by deleting AFT2 as well. The remaining signal in the aft1∆aft2∆ mutant indicated that other factors are involved in activating MRS4
transcription. These results suggest that the increased transcription of MRS4 in the aft1∆ mutant is due to Aft2, as for SMF3. Considerable amounts of Aft2 were consistently bound to the MRS4 promoter in the absence of Aft1 (27.5-fold more than to the DNA controls) (Fig. 6B ).
Little Aft2 was bound to the MRS4 promoter in wild type cells (2-times more than bound to the DNA controls). No Aft1 was bound to the MRS4 promoter in wild type or in aft2∆ strains, unlike Aft2. The amounts of MRS4 mRNAs were greatly reduced in the absence of Aft1 under iron-replete conditions (Fig. 6C ). In agreement with this decreased MRS4 mRNAs amount, the binding of Aft2 to the MRS4 promoter was 15-times less than under iron limitation (Fig. 6D) .
Thus, Aft2 directly activates the transcription of MRS4 in iron-depleted conditions when Aft1 is absent. Control experiments indicated that there was no binding of Aft2 in a wild type strain grown with iron, whatever the promoter studied (FET3, FTR1, SMF3, MRS4) (data not shown).
Mutational analysis of the FET3 regulatory sequence
The above results indicate that Aft1 and Aft2 activate different target genes. The transcription of FET3 was specifically activated by Aft1 while those of SFM3 and MRS4 were specifically activated by Aft2. Furthermore, computer analyses (Fig.2) identified slight difference between the consensus binding sites of genes activated by either Aft1 (TGCACCC) or Aft2
(G/ACACCC). We modified the iron regulatory sequence in the FET3 promoter to resemble that of the SFM3 promoter by site-directed mutagenesis so as to investigate the functional importance of the difference in these consensus binding sites. Di-nucleotides in 5' or/and 3' of the core sequence GCACCC of the pFC-W FET3 promoter Lac Z fusion were changed as described in Fig.7A . The pFC-W plasmid and the plasmids pFC-M1, pFC-M2, pFC-M3 with mutated-promoter were used to transform the wild type, aft1∆, aft2∆, and aft1∆aft2∆ strains.
These plasmids were also used to transform the aft1∆aft2∆ strain harbouring a high copy number plasmid which over-expressed either AFT1 or AFT2. We evaluated the Aft1 and Aft2 transcriptional activity from the mutated promoters by comparing the β-galactosidase activities in these strains. The β-galactosidase activities obtained with the pFC-W plasmid in the different genetic contexts (Fig.7B ) confirmed previous data showing that the transcription of FET3 is predominantly Aft1-dependent (3). The slightly higher β-galactosidase activity in aft2∆ than in the wild type strain is in agreement with the increased FET3 mRNA (Fig.3A) .
The β-galactosidase activity obtained with the pFC-M1 was 3.5-fold lower than that obtained with the pFC-W plasmid in the wild type strain, 2.5-fold lower with pFC-M2 and 6.6-fold lower with pFC-M3. Similar results were obtained in the aft2∆ strain. These results indicate that Aft1 is a poor activator for the mutated promoters and that Aft2 is not involved in the residual activation when Aft1 is present. No significant β-galactosidase activity was detected in the aft1∆aft2∆ mutant transformed with the pFC-W, pFC-M1, pFC-M2 or pFC-M3 plasmids,
indicating that the β-galactosidase activity mediated by these plasmids was strictly Aft1/2-dependent. The β-galactosidase activity measured in the aft1∆ mutant, attributed to Aft2, was 3.5-fold higher than that of the aft1∆aft2∆ mutant with the pFC-W. The Aft2-dependent activation was more efficient in the pFC-M1 context (2.3-fold greater than pFC-W); in contrast, this Aft2-dependent activation was lower (1.7-fold decrease) with pFC-M2 than with pFC-W, and remained unchanged with pFC-M3. The β-galactosidase activities measured with the pFC-W, pFC-M1, pFC-M2 or pFC-M3 were decreased 3 to 4 fold by adding 100 µM iron in the wild type, aft2∆ and aft1∆ strains (data not shown). The differences in Aft1-and Aft2-dependent activation were further confirmed with aft1∆aft2∆ strains over-expressing either the AFT1 or AFT2 gene (Fig 7B) . Over-expression of AFT2 increased the transcription from the pFC-M1 promoter 2.4-fold and from the pFC-M3 promoter 2.6-fold, while it decreased the transcription from pFC-M2 1.9-fold compared to the pFC-W. The transcription from the pFC-M1, pFC-M2 and pFC-M3 was lower than with the pFC-W when AFT1 was over-expressed.
Iron dependent increases in Aft1 and Aft2 in the absence of the paralog
The above results show that the occupancy of promoters by Aft1 and Aft2 depends on the presence or the absence of the paralog and on the iron concentration in the culture medium. We measured the total Aft1-HA and Aft2-HA levels in wild type and in either aft2∆ or aft1∆ cells grown in iron-depleted and in iron-replete conditions by Western blotting with anti-HA antibody to determine whether these effects resulted from changes in the amounts of Aft1 and Aft2 proteins. The concentration of Aft1 was higher in the absence of Aft2 than in the wild type under iron-depletion ( Fig 8A) ; this is in agreement with the increased Aft1-mediated activation of FET3 and FTR1 transcription in the aft2∆ strain ( Fig. 3-4) . The amount of Aft1 in wild type cells was not greatly affected by adding iron, consistent with previous analyses (39).
Nevertheless, it was decreased at least 2-fold by iron in the absence of Aft2. Analysis of the amounts of Aft2 showed a weak band corresponding to Aft2, fainter than that of Aft1 in wild type cells (Fig. 8B) . The amount of Aft2 was 3.3-fold higher in the absence of Aft1 under irondepleted conditions, in agreement with the stimulation of the Aft2-activated transcription alone under these conditions (Fig. 3-6 ). The amount of Aft2 in wild type cells was not affected by adding iron while it was decreased by iron in the absence of the paralog, as was Aft1. The
Western blot analyses therefore show that the amounts of Aft1 and Aft2 are increased in the absence of the paralog under iron-depletion, and that iron represses the amounts Aft1 and Aft2 in these genetic contexts.
DISCUSSION
The yeast paralogs, Aft1 and Aft2, are iron-responsive transcription activators that have overlapping, but not redundant, functions in iron homeostasis. Aft1 is the major regulator of the iron uptake systems, while the role of Aft2 is not yet clear. We assessed the role of Aft2 by analyzing the profiles of gene expression in the wild type yeast strain and in mutant strains deficient for Aft1 or for both Aft1 and Aft2. The cells were grown in iron-depleted medium, which promotes Aft1 and Aft2 dependent activation of the genes involved in iron metabolism.
We used our DNA microarray data to perform a cluster analysis on the 50 genes that were previously identified as target genes of the AFT1-1 up and/or AFT2-1 up alleles (29, 30, 33) . This allowed us to uncover several classes of genes that are differentially regulated by Aft1 and is that Aft1 and Aft2 mostly activate distinct iron-regulated genes in vivo by selective binding to the promoter, while they are able to bind to the same sequence in vitro (29) . Aft1 binds well to FET3 and FTR1 promoters and poorly to the SMF3 promoter, but Aft1 is not bound to the MRS4 promoter; conversely, Aft2 binds poorly to the FET3 promoter, and well to the FTR1, SMF3 and MRS4 promoters (summarized in Fig. 9A ). This raises the question of how Aft1 and Aft2 identify the appropriate promoters. A search for specific cis-acting sequences in the promoter regions of class A and B genes activated by Aft1 identified the canonical TGCACCC sequence of the defined FeRE element (38) , indicating the importance of this sequence in the Aft1-mediated activation. In contrast, we observed that the consensus sequence in the promoter regions of genes specifically activated by Aft2 (classes C and D) was not the TGCACCC sequence, but the shorter G/ACACCC sequence (Fig.2) . Hence, the TGCACCC sequence appears to be important for Aft1-mediated activation, but not for Aft2-mediated activation. This ( Fig.1-2) . Thus, Aft1 (and Aft2) may recognize the promoter through combination with other trans-acting factors, in addition to specific regulatory cis-acting sequence. Recent studies have
shown that the HMG-box chromatin-associated architectural factor Nhp6 associates with Aft1 in vivo to facilitate its recruitment to the promoter region of certain of the Aft1-activated genes
Our results show that Aft1 specifically activates FET3 transcription and that Aft2 specifically activates SMF3/MRS4 transcription (Fig 3-5-6 ). In contrast, the constitutive allele AFT1-1 The absence of one of the Aft1/Aft2 paralogs under iron-deprivation conditions leads to an increase in the binding of the resident paralog to its specific promoters and subsequent gene activation ( Fig. 3-6 ). These effects are correlated with a change in the abundance of paralog protein in whole cells ( 
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Zhao, H., and D. Eide. 1996. The yeast ZRT1 gene encodes the zinc transporter protein of a high-affinity uptake system induced by zinc limitation. Proc. Natl. Acad.
Sci. USA 93:2454-2458. ChIP experiments were performed as described in Materials and Methods. Samples ChIP experiments and analyses were performed as described in Materials and Methods and figure 3. Equal amounts of total protein extract from cells grown exponentially in iron-depleted (-Fe) or iron-replete medium (+Fe) were analyzed by western blotting with an anti-HA antibody to detect HA-tagged Aft1 in wild type and aft2∆ strains (A), and HA-tagged Aft2 in wild type and aft1∆ strains (B). Aft1 and Aft2 were assayed after the same exposure times. Results from two independent protein extracts are shown in bar graphs after normalization to the Pgk1 signal.
The amounts of Aft1 and Aft2 in the wild type context in iron-deplete conditions were arbitrarily defined as 100%. 
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